Mitochondrial retrograde signals control expression of nuclear mitochondrial dysfunction stimulon 2 4 (MDS) genes. Although MDS gene products mostly affect mitochondrial functions, they also 2 5 influence production of reactive oxygen species (ROS) and redox status of chloroplasts. To study 2 6 this inter-organellar interaction, we analysed the response of the Arabidopsis MDS-overexpressor 2 7 mutant rcd1 to methyl viologen (MV), which catalyses electron transfer from Photosystem I (PSI) 2 8 to molecular oxygen, generating ROS in Mehler's reaction. The response of plants to MV was 2 9 investigated by imaging chlorophyll fluorescence in aerobic and hypoxic environments, and by 3 0 membrane inlet mass spectrometry. Hypoxic treatment abolished the effect of MV on 3 1 photosynthetic electron transfer in rcd1, but not in wild type. A similar reaction to hypoxia was 3 2 observed in other MDS-activating lines and treatments. This suggests that MDS gene products 3 3 contribute to oxygen depletion at the PSI electron-acceptor side. In unstressed growth conditions 3 4 this MDS-related effect is likely masked by endogenous oxygen evolution and gas exchange with 3 5
Methyl viologen inhibits photosynthetic oxygen evolution through fast generation of NPQ 1 0 6
Methyl viologen (MV) catalyses the transfer of electrons from Photosystem I (PSI) to molecular 1 0 7 oxygen, resulting in oxidation of photosynthetic electron transfer (PET) chain and generation of 1 0 8 reactive oxygen species (ROS) . Increased ROS production gradually inhibits Photosystem II (PSII). The impact of catalytic concentrations of MV on PET is evident within the first seconds of 1 1 0 illumination. To visualize this effect, we pre-treated wild-type (Col-0) Arabidopsis leaf discs with 1 Fm phase of the OJIP kinetics ( Fig. 1A) . This phenomenon has previously been ascribed to 1 1 6 oxidative action of MV on the electron-acceptor side of PSI [15] [16] [17] . It has been proposed that MV 1 1 7
releases "a traffic jam of electrons caused by a transient block at the acceptor side of PSI" [15] . We next followed the dynamics of chlorophyll fluorescence over the first minutes of illumination 1 2 2 harvesting antenna complex II (LHCII). Thus, phosphorylation of LHCII can be used as an indirect 3 0 0 measure of the plastoquinone redox state. Immunoblotting of total protein extracts from overnight 3 0 1 dark-adapted seedlings with anti-phospho-threonine antibody revealed increased phosphorylation of 3 0 2 LHCII in rcd1 ( Fig 6C) . This indicated that similarly to NTRC-overepressing plants [45] , the 3 0 3 plastoquinone pool was reduced in rcd1 in darkness, which is suggestive of increased NDH activity. Dark LHCII phosphorylation in rcd1 ntrc was suppressed as compared to rcd1 (Fig. 6C) . Thus, the 3 0 5 increased activity of the NDH complex in rcd1 was likely mediated by NTRC. Gas exchange 3 0 6 measurements indirectly suggested altered cyclic electron flow in MV-treated rcd1 (Fig. 2B ). Further research is needed to address the roles played by NTRC and NDH in this response. Long illumination of MV-treated plants revealed that the ntrc mutant was more sensitive to MV 3 1 0 than Col-0, and rcd1 ntrc was more sensitive to MV than rcd1. The NTRC overexpressor line [48] 3 1 1 was more tolerant to MV than the wild type ( Fig. 6D ). We thus tested how NTRC was implicated in 3 1 2 specific reactions of rcd1 to MV described above. Leaf discs were pre-treated with MV in darkness 3 1 3 and exposed to low light as in Fig. 3A (Fig. 7A ). Treatment with MV resulted in NPQ-related 3 1 4 decrease of Fm' in all the tested lines. However, no rcd1-specific Fm' recovery was observed in 3 1 5 rcd1 ntrc. This indicates that the gradual release of NPQ in rcd1 was dependent on NTRC. Acidification of the thylakoid lumen, and thus NPQ, is reversely correlated with the activity of 3 1 7 thylakoid ATP synthase [5] . NTRC activates ATP synthase by thiol reduction [46] . Hence, it is 3 1 8 likely that MV-induced thylakoid acidification was counteracted in rcd1 through NTRC-dependent 3 1 9 activation of ATP synthase. Of note, no changes in ATP synthase activity were detected in rcd1 3 2 0 under standard light-or dark-adapted conditions (details in Suppl. Fig. 5 ). Further research is, 3 2 1 however, needed to address the dynamics of ATP synthase activity in relation to the intensity of 3 2 2
Mehler's reaction. To test whether the activity of mitochondrial AOXs was implicated in this regulation, we pre- hinted that inhibition of AOX activity caused an NTRC-dependent flow of reducing power to the 3 2 9 plastoquinone pool. As NTRC controls the activity of thylakoid NDH complex [45] , it is reasonable 3 3 0 to suggest that the reduction of the plastoquinone pool was mediated by NDH. Hence, the 3 3 1 mitochondrial AOX activity was likely linked to regulation of chloroplast thiol redox enzymes and 3 3 2 1 2 thus PET. Overall, the above results indicated that activated expression of MDS genes coincided 3 3 3 with a more reduced state of the chloroplast NTRC system and its targets, which affected the 3 3 4 performance of PET at different levels. The nuclear protein RCD1 likely plays multiple roles in the regulation of chloroplast thiol redox show that the activity of one or more MDS gene products likely lowers oxygen availability in the 3 4 9 chloroplasts ( Fig. 7B ). In standard growth conditions the effect is masked by photosynthetic oxygen 3 5 0 evolution and gas uptake from the atmosphere. However, it can be observed in a hypoxic 3 5 1 environment and following treatment with MV. The decreased oxygen availability at the electron-3 5 2 acceptor side of PSI coincides with, and possibly determines, the more reduced state of the 3 5 3 chloroplast thiol enzyme NTRC and its targets, including the thylakoid ATP synthase and the 3 5 4 thylakoid NDH complex. Through these components, oxygen limitation potentially modulates 3 5 5 performance of PET (Fig. 7B ). The proposed regulation may represent a novel mechanism, by 3 5 6 which mitochondrial retrograde signalling affects photosynthesis. Arabidopsis thaliana (Col-0) plants were cultivated on soil (1:1 mix of peat and vermiculite) at a 3 6 0 12-hour photoperiod and light intensity of 220-250 µmol m −2 s −1 . For the measurements of LHCII 3 6 1 phosphorylation, seedlings were grown for 12 days on 1 x MS basal medium (Sigma-Aldrich) with 3 6 2 0.5% Phytagel (Sigma-Aldrich) without added sucrose, at a 12-hour photoperiod and light intensity For treatments with chemicals, cut leaf discs were placed on Milli-Q water with added 0.05% 3 6 8
Tween 20 (Sigma-Aldrich), with or without MV. Unless specified otherwise, 1 μ M MV was used. Final concentration of SHAM was 2 mM. It was prepared from the 2 M SHAM stock in DMSO. Thus, 1/1000 volume of DMSO was added to SHAM-minus controls. AA was applied in the final with AA was overnight. To generate hypoxic environment, nitrogen gas was flushed inside a 3 7 4 custom-built chamber that contained detached plant rosettes or a multi-well plate with floating leaf 3 7 5 discs. Chlorophyll fluorescence imaging was performed through the top glass lid of the chamber. Alternatively, the multi-well plate with plant material was placed into the sealed plastic bag of the 3 7 7
AnaeroGen Compact anaerobic gas generator system (Oxoid). In the same bag, resazurin Anaerobic containing carbon dioxide absorbent (Intersurgical) to prevent accumulation of CO 2 . The imaging of OJIP fluorescence kinetics was performed using FluorCam FC800F from Photon internal memory (1 GB) and transferred to the computer via the 1 GB communication Ethernet (470 nm) and filtered by dichroic filters that block light at 490-800 nm to avoid crosstalk with the 3 9 5 detection. To record chlorophyll fluorescence signal, the camera was equipped with 700-750-nm 3 9 6 band filters. To measure kinetics of Fs and Fm' and to assay long-term PSII inhibition, chlorophyll florescence 3 9 9
was measured using Walz Imaging PAM essentially as described in [9] . of 12 CO 2 with carbosorb before 13 CO 2 gas (99% 13 CO 2 , Sigma-Aldrich, USA) was injected to [minus internal CO 2 recaptured (mass 44)] and CO 2 fixation by Rubisco [minus internal CO 2 4 1 5 recaptured (mass 45)]. Data processing was based on concepts and methods described by [36] . (antimycin A) [53] and E-GEOD-9719 (2-hr hypoxia) [54, 55] . Genes that both showed at least a 2- Samples were washed with distilled water, harvested and kept at -80 °C for further analysis. The 4 2 9 evolved 14 CO 2 was collected in 0.5 mL of 10% (w/v) KOH. Samples were extracted, fractioned and 4 3 0 metabolic fluxes were analysed according to [9] . Material from frozen leaf discs was extracted in a 4 3 1 two-step ethanolic extraction of 80% (v/v) and 50% (v/v). Supernatants were combined, dried and 4 3 2 resuspended in 1 mL of water [56, 57] . The soluble fractions were separated into neutral, anionic, insoluble fractions was measured as described in [56] . Calculation of the fluxes was performed Thiol-specific labelling of protein extracts was done and interpreted as described in [9] . Measurement of ATP synthase activity was done as described in [46] . Breusegem for providing the ANAC013 overexpressor line. We are grateful to Dr. Michael 4 4 5
Wrzaczek and Dr. Mikael Brosché for critical and helpful comments on the manuscript, to Dr. T.
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Matthew Robson for suggesting a few important synonyms, and to Dr. Pedro Aphalo for the help in analyses are presented in Supplementary Table 1 . were triggered once in 10 minutes to measure Fm'. In rcd1 pre-treated with MV (right panel), The dynamics of φ RE1o during transition to hypoxia described in panel (E). Source data and 5 0 3 statistical analyses are presented in Supplementary Table 1 . Chloroplast NTRC pool is more reduced in rcd1 both in darkness (D) and light (L). Leaf protein 5 1 2 extracts were subjected to thiol bond-specific labelling as described in [9] . Extracts were first 5 1 3 treated with N-ethylmaleimide that blocked all the free thiol groups. Next, the in vivo thiol bridges were reduced with DTT. Finally, the extracts were treated with 5-kDa methoxypolyethylene glycol The full dataset is presented in the Supplementary Table 3 . (C) Phosphorylation of LHCII in 5 2 1 overnight dark-adapted seedlings as determined by immunoblotting with anti-phospho-threonine 5 2 2 antibody. Amido black staining of total LHCII is shown in the lower panel as the loading control. MV was partially suppressed in the rcd1 ntrc mutant as compared to rcd1. Source data and 5 2 7 statistical analyses are presented in Supplementary Table 1 . The experiment was performed three The nuclear RCD1 protein suppresses expression of MDS genes. Thus, in the rcd1 mutant MDS reaction, contributing to MV tolerance of the rcd1 mutant. MIMS. Wild type is in the left column, rcd1 is in the right column. indicating that physiological activity of MV in this mutant was reversibly inhibited by light. lines. The presence of this effect in the npq4, the ptox and the stn7 mutants suggested that it was not was performed three times with similar results. growth conditions. To find out whether the activity of the chloroplast ATP synthase was altered in thylakoid proton motive force essentially as described in [46] . The decay rate of this parameter after synthase. In these conditions, the rcd1 mutant was indistinguishable from the wild type. 
